Neutron diffraction has been used to study the lattice and magnetic structures of the insulating and superconducting RbyFe1.6+xSe2. For the insulating RbyFe1.6+xSe2, neutron polarization analysis and single crystal neutron diffraction unambiguously confirm the earlier proposed √ 5 × √ 5 block antiferromagnetic structure. For superconducting samples (Tc = 30 K), we find that in addition to the tetragonal √ 5 × √ 5 superlattice structure transition at 513 K, the material develops a separate √ 2 × √ 2 superlattice structure at a lower temperature of 480 K. These results suggest that superconducting RbyFe1.6+xSe2 is phase separated with coexisting √ 2 × √ 2 and √ 5 × √ 5 superlattice structures.
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I. INTRODUCTION
The recent discovery of superconductivity around 30 K in alkaline iron selenides A y Fe 1.6+x Se 2 (A = K, Rb, Cs, Tl) [1] [2] [3] [4] has generated considerable excitement in the condensed matter physics community because the parent compounds of these materials are antiferromagnetic (AFM) insulators [3, 5] instead of being AFM metals as the iron arsenide superconductors [6, 7] . Because of their metallic nature, band structure calculations for iron arsenides have predicted the presence of the hole-like Fermi surfaces at the (0, 0) point and electron-like Fermi surfaces at the M (π, 0)/(0, π) points in the Brioullion zone using an orthorhombic full lattice unit cell [8, 9] . As a consequence, Fermi surface nesting and quasiparticle excitations between the hole and electron pockets can give rise to static AFM spin-density-wave order at the in-plane wave vector Q = (π, 0) [10] . Indeed, neutron diffraction experiments have confirmed the Q = (π, 0) AFM order in the parent compounds of iron arsenide superconductors, and doping to induce superconductivity suppresses the static AFM order [7] . In addition, angle resolved photoemission (ARPES) measurements [11] have identified the expected hole and electron pockets in superconducting iron arsenides, thus providing evidence for superconductivity arising from the sign reversed electron-hole inter-pocket excitations [9, [12] [13] [14] .
If Fermi surface nesting and electron-hole pocket excitations are essential ingredients for magnetism and superconductivity in Fe-based superconductors [7, 9, 10, [12] [13] [14] , alkaline iron selenide superconductors should behave differently from iron arsenides since ARPES measurements on these materials reveal only electron Fermi surfaces at M (π, 0)/(0, π) points and no hole Fermi surface at (0, 0) point [15] [16] [17] . Indeed, recent transmission electron microscopy [18] , X-ray and neutron diffraction experiments [19] [20] [21] [22] [23] [24] [25] have confirmed that the Fe vacancies in A y Fe 1.6+x Se 2 form a √ 5× √ 5 superlattice order as shown in Fig. 1(a) [5] . Furthermore, a block-type AFM structure with a large moment aligned along the c-axis [Figs. (1a) and (1b)] has been proposed for both superconducting and insulating A y Fe 1.6+x Se 2 based on Rietveld analysis of neutron powder diffraction data [21, 24] . In stark contrast to other Fe-based superconductors, where optimal superconductivity generally occurs in the absence of a static AFM order [26] , the large moment AFM order is believed to co-exist with superconductivity microscopically [27] and the superconducting phase develops without much affecting the AFM order [24] . If magnetic moments up to 3.3 µ B per Fe indeed coexist with optimal superconductivity microscopically in A y Fe 1.6+x Se 2 as suggested in powder neutron diffraction [21, 24] and muon rotation experiments [27] , the electronic phase diagram in this class of materials will be much different than the other Fe-based superconductors [8] . Since these new materials pose a major challenge to the current theories of superconductivity [29] , it is important to confirm the proposed magnetic structure in single crystals and determine its relationship with superconductivity.
In this article, we present comprehensive neutron diffraction measurements on powder and single crystals of nonsuperconducting and superconducting Rb y Fe 1.6+x Se 2 . We used neutron polarization analysis to separate the magnetic from nuclear scattering. From the Rietveld analysis of the neutron powder diffraction data on nonsuperconducting Rb 0.89 Fe 1.58 Se 2 [30] , we confirm the previously reported √ 5 × √ 5 Fe vacancy order with I4/m space group [5] . Since Rietveld analysis of the powder diffraction pattern cannot conclusively separate the proposed block AFM structure from the quaternary collinear AFM structure with the I112 /m space group [21] [22] [23] [24] [25] , we used four circle single crystal diffractometer to measure Bragg peaks associated with each AFM structure, and confirmed the proposed block AFM structure [21] . For superconducting Rb 0.75 Fe 1.63 Se 2 (T c = 30 K), we find that in addition to the √ 5 × √ 5 block AFM structure, the sample exhibits a quasi-two-dimensional √ 2 × √ 2 superlattice distortion associated with wave vectors Q = (0.5, 0.5, L), where L = integers. These results suggest that lattice structures in superconducting Rb y Fe 1.6+x Se 2 are more complicated than the pure √ 5× √ 5 superlattice unit cell, consistent with nanoscale phase separation seen by transmission electron microscopy [31, 32] and X-ray diffraction experiments [33, 34] .
II. EXPERIMENTAL DETAILS
We have carried out neutron diffraction experiments at the BT-1 powder diffractometer and BT-7 thermal tripleaxis spectrometer at the National Institute for Standard and Technology Center for Neutron Research. We have also performed additional measurements at HB-1A tripleaxis spectrometer and HB-3A four circle single crystal diffractometer at the High-Flux Isotope Reactor, Oak Ridge National Laboratory. Our experimental setup for the BT-1 powder diffraction measurements was described previously [7] . For BT-7 measurements, we used polarized neutron scattering to separate the magnetic from nonmagnetic scattering processes [35, 36] . In previous powder diffraction measurements on A y Fe 1.6+x Se 2 near x = 0 [21, 22, 24, 25] , the iron atoms were found to form an ordered vacancy structure with a √ 5 × √ 5 × 1 superlattice unit cell. Although a block AFM spin structure with space group I4/m [ Fig. 1(a) and Fig. 1(b) ] was identified [21, 24] , powder Rietveld analysis cannot conclusively distinguish the block AFM structure from a stripe-like AFM structure with I112 /m space group [ Fig. 4(b) ] [24, 25] . We have therefore used the HB-3A single crystal diffractometer to measure all the accessible Bragg peaks, and including the nonequivalent magnetic reflections with the same momentum transfer that are fully overlapped in the powder diffraction experiments, thus providing more information to separate these two magnetic structures. HB-3A uses a vertically focusing Si(2,2,0) monochromator with fixed wavelength of 1.536 A [37] . The HB-1A triple-axis spectrometer has horizontal collimation 48 − 48 − 40 − 68 with fixed incident beam energy of E i = 14.7 meV.
We begin our discussion by specifying the real and reciprocal space notations used in this article. tides, we define wave vector Q = (q x , q y , q z ) inÅ
are lattice parameters for tetragonal unit cell of iron pnictides [28] . The Bragg peaks in the ) block AFM structure. The Rwp factors for these two magnetic structures are 7.0% and 6.95%, respectively. Both of these models were proposed earlier [24, 25] .
plane along the a-axis direction [28] . The magnetic Bragg peaks occur at [m ± 0.5, n ± 0.5, L] T (m, n = 0, ±1, ±2, ±3..., L = odd) positions in tetragonal unit cell notation. For A y Fe 1.6+x Se 2 with the block AFM structure in Figure 1 , the magnetic peaks from left chirality are expected
.., when n is even, δ = 0; n is odd, δ = 1) as shown in Figs. 1(c) and 1(e). If one considers both left and right chiralities, the magnetic peaks will double and occur at (H, K, L) T = (±0.2+2m+ δ, ±0.4 + n, L T ); (±0.4 + 2m + δ, ±0.2 + n, L T ), (m, n = 0, ±1, ±2, ..., L T = ±1, ±3, ±5..., when n is even, δ = 0; n is odd, δ = 1). The nuclear Bragg reflections can be indexed the same way, but with L = even and when n is even, δ = 1; n is odd, δ = 0. The squares in Figs. 1(c)-1(f) indicate nuclear Bragg peak positions in tetragonal and superlattice unit cell notation. The conversion of Miller indices between tetragonal and superlattice unit cell for left chirality is as follows:
For right chirality, the conversion is:
Our single crystals of Rb y Fe 1.6+x Se 2 were grown using the Bridgeman method. First, Fe 2+δ Se 2 powders were prepared with a high-purity powder of selenium (Alfa Aesar, 99.99%) and iron (Alfa Aesar, 99.9%) as described in Ref. [20] . The Fe 2+δ Se 2 and Rb (Alfa Aesar, 99.75%) were then mixed in appropriate stoichiometry and were put into an alumina crucible. The crucible was sealed in an evacuated silica ampoule. The mixture was heated up to 1030
• C and kept over 3 h. Afterward the melt was cooled down to 730
• C with a cooling rate of 6
• C/h, and finally the furnace was cooled to room temperature with the power shut off. Well-formed black crystals were obtained which could be easily cleaved into plates with flat shiny surfaces. We have also grown Rb y Fe 1.6+x Se 2 single crystals using flux method as described in Ref. [4] .
For • mosaic aligned in the [H, H, L] T zone in tetragonal notation. To separate the magnetic order from nonmagnetic scattering processes, we performed neutron polarization analysis, where the neutron spin flip (SF) scattering for polarization direction parallel to the scattering plane (HF) gives pure magnetic scattering [36] . In the BT-7 setup, the spin polarization direction in the incident beam could be changed via a flipper and the spin polarization direction for the scattered beam was fixed. The neutron SF magnetic scattering corresponds to flipper on, while the nuclear coherent scattering is with flipper off, which corresponds to nonspin flip (NSF) scattering. A horizontal guide field was directed along the in-plane momentum transfer (HF configuration), and the flipping ratio of ∼22 was obtained in this HF field configuration using an incident energy of 14.7 meV. A pyrolytic graphite (PG) filter was placed in the incident beam direction to suppress λ/2 scattering. A position-sensitive detector (PSD) was used with open − 80 − 80 − radial collimations. For all the polarized measurements, the sample was at room temperature and aligned in both the [H, H, L] T and [H, 0, L] T zones to reach the desired reciprocal space by tilting the sample goniometer.
III. RESULTS
We first discuss our neutron powder refinement results on Rb 0.89 Fe 1.58 Se 2 with the goal of determining the magnetic structure of the system. In previous theoretical work [38] , eight possible magnetic structures have been proposed for the √ 5 × √ 5 iron vacancy superlattice unit cell. Figure 2 summarizes the comparison between the observed neutron diffraction intensity and calculated intensity for six suggested magnetic structures. As we can see from the figure, all six magnetic models fail to describe the observed spectrum.
In previous neutron powder diffraction work [21] [22] [23] [24] [25] , it has been suggested that the block AFM structure 3(a) can both fit the observed neutron diffraction spectra [24, 25] . Our Rietveld analysis on Rb 0.89 Fe 1.58 Se 2 for both AFM structures shown in Fig. 3 confirms this result. Although the block AFM structure is thought to be more energetically favorable [24] , the AFM structure shown in Fig. 3(a) is not conclusively ruled out [25] .
To conclusively determine the magnetic structure of the √ 5 × √ 5 superlattice, we carried out neutron diffraction experiments on an as-grown single crystal of non- superconducting Rb 0.89 Fe 1.58 Se 2 . The zero field cooled (ZFC) magnetic susceptibility measurements on the sample indicate no bulk superconductivity [ Fig. 4(a) ]. As discussed in previous work [21] [22] [23] [24] [25] , the block AFM structure in Fig. 3(b) can be described by the space group I4/m , while the AFM structure in Fig. 4 Q s = (3, −2, −1) reflection is weaker than that of the (2, −3, −1) peak in the block AFM structure, Q s = (3, −2, −1) reflection should be stronger for the quaternary collinear AFM structure. Comparison of the mapping of the Bragg peaks in the (H s , K s , −1) scattering plane in Fig. 4(c) with these two models in Figs. 4(e) and 4(f) confirms that the block AFM structure with space group I4/m is correct. The background subtracted raw data for Q s = (3, −2, −1) and (2, −3, −1) Bragg peaks are shown in Fig. 4(d) , which again confirm the block AFM structure [21] .
To further establish the magnetic nature of the proposed block AFM structure, we have measured all Bragg peaks in Fig. 1(d) by polarized neutrons, where SF and NSF scattering correspond to pure magnetic and pure nuclear scattering, respectively, in the HF configuration. All measurements were done at room temperature allowing easy tilting of the samples to access different Bragg peaks. Figure 5 summarizes the reciprocal space probed and the raw SF and NSF scattering for different Bragg peaks in the tetragonal unit cell notation. Initially, we aligned the sample in the [H, H, L] T zone as shown in the dashed line of Fig. 5(a) Although the block AFM structure for nonsuperconducting Rb 0.89 Fe 1.58 Se 2 is now firmly established, it is still unclear how the static AFM order co-exists with superconductivity. In previous work [21, 23, 24] , it was argued that the block AFM order with huge moments in A y Fe 1.6+x Se 2 microscopically coexists with superconductivity. However, recent X-ray diffraction measurements have provided compelling evidence for nanoscale phase separation in K 0.8 Fe 1.6 Se 2 [33, 34] . To check how superconducting A y Fe 1.60+x Se 2 differs from the nonsuperconducting samples, we prepared a single crystal Rb 0.75 Fe 1.63 Se 2 , where transport measurement shows T c = 30 K, metallic behavior below 250 K, and semiconducting characteristics above [ Fig. 6(a) ]. Although magnetic susceptibility confirms the superconducting transition at T c = 30 K, we estimate that the superconducting volume fraction in our sample is only around 8% [ Fig.  6(b) ]. To determine the precise crystal lattice structure and atomic compositions, we carried out neutron powder diffraction measurements on BT-1. Rietveld analysis of the powder diffraction data at 550 K using the I4/mmm space group fits the data well [ Fig. 6(d) ]. At 500 K, Fe vacancies order into a √ 5 × √ 5 superlattice structure as shown in Fig. 1(a) [5] and the powder diffraction pattern can be well described by the space group I4/m.
We have searched extensively for structural and mag- Fig. 7(a) ], suggesting that they are associated with either a magnetic phase transition or structural lattice distortion not related to the known √ 5 × √ 5 superlattice structure. The broad nature of the scattering along the c-axis indicates that they are quasi twodimensional. For all L-values, we find peaks centered at H = 0.51 rlu, confirming the two-dimensional nature of the scattering. In previous X-ray diffraction experiments on Cs y Fe 2−x Se 2 , Pomjakushin et al. [25] have also found peaks at Q T ≈ (0.5, 0.5, L). This means that a portion of the signal we observe at (0.5, 0.5, L) must be due to a structural distortion. To determine if there is any additional magnetic component in the (0.5, 0.5, L) scattering, we performed neutron polarization analysis. Figures In an attempt to determine the lattice structure associated with the [0.5, 0. Fig. 10 (P mna) [24] . However, such an Fe-vacancy model with P mna space group will not be able to explain the quasi two-dimensional rod scattering we observe in the triple-axis measurements. Therefore, it remains unclear what crystalline lattice distortion gives rise to the observed superlattice reflections, although we know such scattering enlarges the nuclear unit cell by √ 2 × √ 2. We note that a recent X-ray study on superconducting Rb y Fe 1.6+x Se 2 samples also found a √ 2 × √ 2 superlattice structure [39] .
IV. DISCUSSIONS AND CONCLUSIONS
Using single crystal neutron diffraction and neutron polarization analysis, we have confirmed that the block AFM structure in Fig. 1 [15] [16] [17] , different groups have reached the same conclusion concerning the electron-like Fermi surfaces at M (π, 0)/(0, π) points. However, there have been debates concerning the origin of the observed weak electron pockets near the Γ(0, 0) point [15, 17] . In principle, the electron pockets near the Γ point can arise from band folding if there exists a (0.5, 0.5) structural or magnetic phase transition [17] . Our observation of the quasi two-dimensional (0.5, 0.5, L) superlattice reflections suggests that the observed electron Fermi surfaces near the Γ(0, 0) point may indeed be due to band folding instead of a surface state. Since the block AFM structure in insulating Rb 0.89 Fe 1.58 Se 2 cannot arise from Fermi surface nesting, we speculate that the √ 2 × √ 2 lattice distortions in superconducting Rb 0.75 Fe 1.63 Se 2 may be associated with the metallic portion of the sample. In this picture, the superconducting phase in A y Fe 1.6+x Se 2 may be mesoscopically phase separated from the nonsuperconducting phase, where superconductivity and AFM order are intertwined in a very short length scale and live in separate regions. Theoretically, it has been suggested that the AFe 1.5 Se 2 phase is a semiconductor with a low energy band gap [40] . So with electron or hole doping, such a phase would become nonmagnetic and superconducting. Although we have no direct proof that the superconducting portion of the sample is associated with the (0.5, 0.5, L) superlattice distortion, systematic neutron scattering measurements are currently underway to investigate the relationship of such phase to the block AFM order and superconductivity. 
